Abstract This study demonstrates life cycle assessment (LCA) on a reference wooden building according to the latest normative standards: EN 15978, EN 15804 and EN 16485. Global warming potential and primary energy balance over the reference building were assessed in a case study. Through the assessment, the application of the standards was studied. In addition, possible points for development in the standards, especially concerning wood products and wood construction, were discussed from a practical perspective. The lack of proper data is a critical issue in conducting the assessment in compliance with the standards. Since LCA is a data-intensive method, the preparation of data for the building assessment according to the standard is certainly required. This paper also raises questions about the life cycle modules defined in the standards and the importance of the communication system used for the assessment results. It would be of importance to develop the communication system in such a way as to stimulate environmental consciousness in society. In order to develop a relevant communication system, further discussion and case studies would be important and feedback from such practices should be incorporated into the development of the guideline for the assessment.
Introduction
The building sector is recognized as being a major contributor to the overall environmental impact of humankind's activities. The sector, for instance, accounts for about 40 % of the total primary energy consumption in the European Union (European Commission (EC) 2007) with the associated severe environmental impacts. In the context of sustainable development, a reduction in the environmental impact of a building during its life cycle would be highly desirable. Quantifying and understanding environmental impact has been used in assessing the sustainability of buildings since 1990 (Fava 2006) , and numerous studies relating to building life cycle assessment (LCA) have been carried out internationally.
Initially, attention was mainly focused on analysing the operation phase of buildings, since it has been stated that in many cases this accounts for more than 70 % of the life cycle energy use of a building (Fay et al. 2000; Ortiz et al. 2009; Passer et al. 2012; Verbeeck and Hens 2007) . As a result of efforts aimed at reducing the operational energy demand, the environmental impact from the use phase has been mitigated and the relative importance of the other life cycle stages has increased (Verbeeck and Hens 2007) . In nearly Zero-Energy Buildings (nZEB), for instance, the impact from the production and construction phase account for 50 % or more of the total life cycle impact (Hafner et al. 2012) . Thus, the interest in the other life cycle phases of buildings has increased significantly (Dodoo et al. 2009; Venkatarama Reddy and Jagadish 2003; Thormark 2006) .
In this context, the comparability of results has also been recently highlighted as a future challenge (Allacker et al. 2013; Wittstock et al. 2013 ) since in practice uncertainties are inherent in LCA. Furthermore, LCA is a data-intensive method and the results vary on a case-by-case basis with different methodologies being applied depending upon the purpose of the assessment (Peeredoom et al. 1999; Erlandsson and Borg 2003) . Thus normative standards have been developed aimed at harmonizing the assessment methodologies. The state-of-the-art standards EN 15804 (2012?A1:2013) and EN 15978 (2011) , developed by Technical Committee TC 350 of the European Committee for Standardization (CEN/TC 350), provide frameworks for the assessment of building products and buildings. The standards are based upon the modularity principle of a building life cycle ( Fig. 1) which consists of four main stages (module A1-3: product stage, A4-5: construction process stage, B: use stage and C: end-oflife stage) and an additional information module (module D: benefits and loads beyond the system boundary), as well as stating the methodological provisions relative to the modules. The standards bring transparency to issues of life cycle inventory (LCI), system boundaries, and division into the subcategories to be included and so forth. In addition, EN 16485 (2014) developed by CEN/TC175, provides detailed assessment rules for wood and wood-based products for use in construction in line with EN 15804. The European research project ''EeBGuide'' (Wittstock et al. 2012 ) summarized the provisions of CEN/TC 350 and the international reference life cycle data system (ILCD) handbook (EC-JRC-IES 2010) in order to produce expert guidance on conducting LCA studies for energy efficient buildings and building products. The aim of the project was not to develop new provisions for LCA, but to provide a common methodology supporting reliable and comparable building and product assessments. The EeBGuide document identified more than 150 topics to be considered for product or building LCAs according to the LCA framework (e.g. goal and scope definition, inventory analysis) and the life cycle stages of the EN 15804 and EN 15978 standards (modules A-D). The provisions and guidance are broken down according to the study types (screening, simplified and complete LCA) and make a distinction between stand-alone LCAs and comparative assertions. Additionally, reporting and reviewing templates for studies are also provided. The guidance document should be helpful in bridging the gap between the standards and practices for building LCAs by consistently merging relevant provisions from CEN/TC 350 and ILCD.
Moncaster and Symons (2013) introduced a simple assessment tool for embodied carbon and energy for UK buildings (the ECEB tool). This tool was developed to help in making design decisions at the feasibility stage by following the EN 15804 and EN 15978 standards as far as possible. The authors demonstrated the use of the tool using a case study building and discussed the methodological discord between the tool and the standards. They concluded that the standards provide accurate analysis for the early life cycle phases (module A1-5) but only an approximation for the latter phases (modules B3-5 and C). It was mentioned that the assessment method given by the standard would not be relevant in early stage calculations for decision making due to a lack of information, leading to uncertainties in the calculation. In addition, the authors mentioned that a lack of proper LCA data, especially for the product stage (module A1-3), the construction process (module A5) and the end-of-life stage (module C), limits the conduct of a proper assessment.
Recently, the LCA of bio-based materials, principally wood products, has frequently been discussed because of their unique inherent properties (i.e. biogenic carbon and energy content). Pawelzik et al. (2013) stated that the LCA standards do not address details for the life cycle of biobased materials and reviewed key issues and methodologies regarding their LCA. Pajchrowski et al. (2014) studied the effect of intensive wood use on the life cycle Fig. 1 Life cycle modules for building LCAs according to EN 15978 standard environmental impacts of a building. The study demonstrated that wood and wood products gave an environmental benefit to the building life cycle thanks to their inherent properties and their lower weight compared to concrete structures. Höglmeier et al. (2013) investigated the amount of wood used in the building stock of south-east Germany and its potential in terms of environmentally beneficial cascading. The authors found that more than half of the recovered wood could be utilized for high-quality secondary applications. The study indicates the importance of considering the end of life (EoL) scenarios of wood products in a building.
This study demonstrates the use of LCA on a case study wooden building according to the latest normative standards EN 15978, EN 15804 and EN 16485. First, the assessment was carried out by following the standards and their application was studied. Then possible points for development in the standards, especially concerning wood products and wood construction, are discussed from a practical perspective.
Methodology

Scope and data
EN 15978 and EN 15804 define the environmental indicators for building assessment as shown in Table 1 . To review the standards, this paper considered only global warming potential (GWP) as an indicator describing the environmental impacts, and primary energy balance as an indicator describing resource use over the service life of the case study building. The life cycle modules studied and the building parts are summarized in Fig. 2 . Some life cycle stages and building parts were excluded from the study due to lack of information. Detailed system boundary and assessment methodologies for each life cycle module are given in Sect. 2.3.
For the building assessment, EN 15978 refers to the use of data obtained from environmental product declarations (EPDs) defined in EN 15804. However, due to the lack of sufficient open access EPDs for building LCA at the time the research was carried out, and the need to see life cycle inventory (LCI) information for the sake of the discussion, this study was carried out using the ecoinvent database V3.01 (Ecoinvent Centre 2013), which is a widely used generic LCI database. The issues concerning LCA data are also discussed in Sect. 3.2.1. GWP was calculated using the CML 2001 method (Frischknecht et al. 2007a ) from the LCI data in ecoinvent.
Case study building
The building studied was a 4-story apartment block located in Mietraching (architect: Schankula Architekten/ Diplomingenieure, structural engineers: Bauart Konstruktions GmbH ? Co. KG, constructor: Huber & Sohn Co. KG), approx. 50 km south-east of Munich and completed in 2010. Key information about the building is summarized in Table 2 , whilst Fig. 3 shows the basic floor plan, section and appearance of the building. The functional unit used in this study was one m 2 of living area, which is an area within the inside of the walls, excluding technical and maintenance spaces (e.g. machine room and storage space) (SFS 5139: 2011) . Because of the aim of this study, the definition of the functional unit does not have any significant influence on the results in this case.
Foundation and floors
The basement is made of a reinforced concrete structure. The ground floor consists of three layers on top of the basement: rock wool insulation, cement screed and parquet flooring. The intermediate floor consists of five layers: glulam panel, gravel fixed by latex, mineral wool, cement screed, and parquet flooring. The glulam panel slab was prefabricated in a factory and the other layers were installed on site.
Exterior wall
The exterior wall consists of eight layers: larch cladding, battens, wind barrier sheet, rock wool insulation, vapour barrier sheet, gypsum board, a massive timber panel, which is literally a mass of sawn timber laid side-by-side and nailed to a laminated veneer lumber (LVL) frame, and two sheets of gypsum board. The U value is 0.15 W/m 2 K. The exterior wall element including windows and doors was prefabricated and assembled on the construction site.
Roof
The roof element is composed of six layers: gravel, glass fleece, waterproof PVC sheet, particleboard, LVL, rock wool, wood batten and plywood. The U value is 0.14 W/ m 2 K. All layers above the PVC sheet and ceiling board (plywood) were installed on-site.
Other elements
The balcony, composed of LVL panels, a steel staircase and an elevator shaft made of cross-laminated timber (CLT) panel with larch cladding, was also prefabricated in the factory and installed on-site. The building site was covered with grass. The internal walls were fabricated as light-weight, dry-wall construction with gypsum board panels on steel studs and rock wool insulation inside the cavities. The product stage of a building, the so called ''cradle-togate'' process, assesses the environmental impacts from the manufacturing process of all components in the reference building. The impacts were calculated by multiplying the mass of each building component (kg) and the unit impact value (in MJ/kg or kg CO 2 e/kg) obtained from the database. The inventory was carried out from the architect's and structural engineer's working drawings. The calculated mass of each component was cross-checked with the material order list provided by the constructors. Due to lack of information, building service equipment and furniture were excluded from the inventory, even if they were integrated into the building element. The inventories included are summarized in Table 3 .
Module A4-5: construction process stage
Any information regarding the construction stage was collected by reviewing the construction documents and interviewing the constructors. Transportation of the building components and elements was modelled according to the case. The impact from the transportation process was calculated by multiplying the distance (km) and the mass of deliverable (ton), taking the vehicle type into account. Worker transport to the factory or construction site was not included. Energy consumption during the prefabrication of the wood-based building elements in the factory was monitored by electricity meters. For the prefabrication process, the inventory included electricity for the production line (e.g. operation of machinery, lighting and ventilation systems), space heating energy and fuel for construction machinery. Energy consumption during on-site construction, from ground work to the assembly of the prefabricated elements, was estimated based on information obtained from interviews. For on-site work, the inventory included electricity for the operation of the construction infrastructure and equipment, and fuel for construction machinery. Where only aggregated data (e.g. monthly diesel consumption) was available, allocation was applied on a physical basis (e.g. production volume of each section in the factory). The prefabrication and installation of the steel staircase and building services, and temporary construction 
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Exported energy (EE) work and devices (e.g. scaffolding) were excluded from the calculation due to lack of information.
Waste management methods and transportation to waste treatment facilities were modelled based on information obtained from interviews. Wood waste from the prefabrication process was assumed to be recycled as secondary fuel in the next system. Plastic and steel wastes were assumed to be recycled as secondary materials. It was assumed that gypsum waste and mineral waste were fully landfilled. Material losses during transportation were not included in the model due to lack of information. The amount of waste from prefabrication and on-site construction work were assessed based on the constructor's data and literature (Perifoy and Oberlender 2002; Holm et al. 2005; Popescu et al. 2005; Björklund and Tillman 1997) .
Module B: use stage
The use stage covers the period from the completion of the construction work to the point in time when the deconstruction of the building starts. The reference study period of the case study building was set at 50 years in this study. Module B consists of seven sub-modules: use (B1, emissions of dangerous substances to indoor air during the use stage), maintenance (B2), repair (B3), replacement (B4), Fig. 3 Basic floor plan, section and appearance of the case study building refurbishment (B5), operational energy use (B6) and operational water use (B7). In this paper only sub-modules B2-6 were considered due to the nature of the study objective and lack of information. Modules B2-5 were modelled according to the expected service life of the building components (Ympäristöminis-teriö 2008; Scheuer et al. 2003 ) listed in Table 3 . Repainting of the exterior cladding (four times) was taken into account in module B2 and replacement of windows, plastic products and rubber products were counted once in B4. It was assumed that all maintenance and replacement was done with the same materials as originally used. The components replaced were assumed to be recycled as secondary fuel, yielding approximately 60GJ of useful thermal energy by incineration. This exported energy was assumed to substitute the same amount of thermal energy generated by coal in an industrial furnace (1-10 MW). It was assumed that there was no repair or refurbishment work carried out during the reference study period of the building.
Since the information about the actual energy used in the building was not available, the energy demand for the operation of the building was determined on the basis of the calculated energy: 31.83 kWh/m 2 /a for district heating by radiator and 31.31 kWh/m 2 /a for electricity use in the whole building, based on German standard DIN V 4108-6 (2003) . According to the general German energy mix, heating energy was assumed to be supplied by a CHP plant, using 42 % natural gas, 39 % coal, 12 % lignite and 7 % waste incineration (The German Heat and Power Association 2006). In addition, it was assumed that 70 % of electricity was provided by the CHP plant. For the remaining 30 % of electricity, the national average supply mix data from the ecoinvent database was used.
Module C: end of life stage
The end of life (EoL) stage is divided into four sub-modules: deconstruction/demolition (C1), transport (C2), waste processing (C3) and disposal (C4). A framework for moving towards a European recycling society with a high level of resource efficiency has the aim that by the year 2020 at least 70 % (by weight) of non-hazardous construction and demolition waste shall be prepared for reuse, recycling or material recovery (European Commission (EC) 2008). A previous study stated that recycling more than 50 % of construction and demolition waste is quite reasonable for most of the EU countries included in that study (Fischer and Werge 2011) . In addition, Höglmeier et al. (2013) noted that in the case of south-east Germany 26 % of the wood recovered from building demolition could potentially be available for re-use and 45 % could be recycled in the form of chips or particles.
In this study, the end-of-life scenarios for building components were made according to the new European resource efficiency framework, assuming a higher reuse and recycling after 50 years. The EoL options for each material are summarised in Table 3 . The German waste wood categories (AI-IV) were used to identify the amount of waste wood from the case study building (BMUB 2002) . Demolished concrete was assumed to be utilised in roadbeds (recycling). All EoL processes: deconstruction work, transportation to sorting or disposal, waste sorting and processing, and disposal (incineration or landfilling), were taken into account.
Module D: benefits and loads beyond the system boundary
The net environmental benefits or loads resulting from the reuse and recycling of materials and energy exiting the system boundary can be described in module D as potential resources for future use. Impacts avoided from allocated co-products cannot be included in module D. In this study, GHG emissions avoided were counted as net impacts through substitution of primary production with reuse and recycling of the building materials (Table 3) leaving the system. In addition, energy recovery by secondary fuel exiting the system was also taken into account based on the same scenario for module B4.
Results and discussion
Results
Figures 4 and 5 show the life cycle GWP and primary energy balance of the case study building respectively according to the provisions set out in the standards. The life cycle modules for which no values were determined were shown as module not assessed (MNA). The results in the end of life stage (module C) were summed up because of the data format of ecoinvent. In Fig. 4 , the GWP for all the building life cycle stages (modules A to C) are presented and the net environmental benefits brought by recycled and reused materials exiting the system boundary are expressed in module D as negative values. Here, in general, greenhouse gas (GHG) emissions from biogenic fuel combustion are regarded as zero emission for all the life cycle modules based on the idea of carbon neutrality. The use stage (module B6) and the end of life stage (module C) account for about 70 and 30 % of the total GWP, respectively. Biogenic carbon content in wood is counted in module A1, which results in a net negative impact for module A1-3. Module B4 has a zero balance between the replaced materials and replacing materials. In module C, the biogenic carbon content that exits the system is counted as a positive value. Hence the biogenic carbon balance and the contribution of biogenic CO 2 to the GWP is zero over the life cycle of the wood products, as mentioned in EN 16485. According to the EoL scenario, about 190 kgCO 2 e/m 2 of emission can be avoided and around 300 kgCO 2 e/m 2 of temporal biogenic carbon storage can be transferred to the next life cycle system.
In Fig. 5 , the use of renewable and non-renewable primary energy for all the life cycle modules is displayed separately. The use stage (module B6) and the product stage (module A1-3) dominate, accounting for about 60 and 35 % of the life cycle primary energy consumption, respectively. As with GWP, contributions to the other life cycle stages are very minor. According to the EoL scenario, on a net basis about 2,700 MJ/m 2 of primary energy consumption can be substituted in the next system by the secondary fuel exiting the system studied.
Discussion
In the case study, it was demonstrated that EN 15978 could provide the basic pathway for building LCAs. In particular, as Moncaster and Symons (2013) discussed, a detailed analysis can be carried out for the early life cycle stages up to the end of the construction process (module A1-5) based on real data, although the assessment of the latter life cycle stages (module B and C) seems to be rather approximate due to the many assumptions made. EN 16485 gives detailed rules for the assessment of wood products in line with EN 15804, specifically focusing on the inherent material properties (e.g. biogenic carbon flow, energy content). The inherent properties of wood products are a sensitive issue and the handling of this aspect has thus often been disputed (Pawelzik et al. 2013; Lippke et al. 2010; Werner and Richter 2007) , however EN 16485 seems to be able to provide a certain amount of clarity on this issue. For instance, the biogenic carbon fluxes are defined, distinguishing the cases where carbon neutrality can be assumed or not (Figs. 1, 2 in EN 16485 ). This definition clearly shows a general rule for the handling of the inherent properties in building LCAs. However, it can be said that the standards still include many ambiguous descriptions. The authors encountered some difficulties in the case study because of provisions in the standards. In this section, possible points for development found in the standards will be discussed in light of the following practical aspects: data for the assessment, system boundary, scenarios and communication of the assessment results.
Data for the assessment
As noted above, the assessment in this study was conducted with generic LCA data. Thus, the general issues concerning LCA data for the building assessment are discussed here rather than the contents of EN 15804. First of all, although EN 15978 refers to the use of EPDs based on EN 15804 for building assessment, such data is clearly lacking at the moment. At the time the research was carried out only a few datasets (e.g. Rüter and Diederichs 2012; IBU-Institut Bauen und Umwelt 2013; Wood for Good 2013) existed that had been compiled in line with EN 15804. Moreover, although IBU is a synthetic database including more than 700 EPDs (35 building product types), other datasets tend to be specialized in some product type, like Wood for Good as a wood product-specific database.
In the assessment of the product stage (module A1-3), it is noted in EN 15978 that if no specific or representative EPD is available in accordance with the requirements of EN 15804, a generic EPD or data set of a similar product may be used or adapted to create a new data set to reflect the actual situation as closely as possible. However, this point could also be debated. Firstly, generic EPDs or a similar data set would be important at the beginning of the design phase rather than specific EPDs since specific products would, in general, not be decided upon at that point. Secondly, there is some methodological discord between the provisions laid out in EN 15804 and EN 16485, and ecoinvent. For instance, the standards stipulate that the use of primary energy and the use of primary energy resources used as raw material (energy content) are shown separately as the energy input. However, at the moment it is not possible to directly distinguish these values in the ecoinvent database. Thus, in this study, renewable and non-renewable primary energy resources used as raw material in the building was accounted for by referring to the ecoinvent database documentation (Frischknecht et al. 2007b) . As described in the EeBGuide (Wittstock et al. 2012) , however, in many cases it is not easy for users to modify or adapt existing generic LCA data. The preparation of a sufficient number of data of suitable format and quality is thus urgently required, especially for the assessment of data-intensive modules such as the product stage (module A1-3), construction process (module A5) and end-of life stage (module C), as Moncaster and Symons (2013) also mentioned. The manufacturing and construction industries are expected to develop standardized data according to the EPD format described in EN 15804. In addition, although many LCI or life cycle impact assessment (LCIA) data are nowadays available for building assessment all over the world, most of these databases have been developed for a specific purpose and scope and are, as yet, not in line with the standards (Takano et al. 2014) . The unification of data format is fundamental for a comparable and fair assessment. IBU, for instance, would be a good example of a comprehensive database system.
System boundary
The life cycle stages defined in EN 15978, in general, seem to be reasonable. However, further classification could be discussed. In principle, the construction stage (module A4-5) covers the processes from the factory gate of the construction products to the completion of the on-site construction work. This means that the environmental impacts and aspects linked to the prefabrication process of the building elements (e.g. exterior wall element) and their transportation are accounted for in the product stage (module A1-3). This provision may, however, lead to a misinterpretation of the assessment results. Firstly, the allocation of environmental impacts linked to the prefabrication process to module A1-3 would make the comparison of the mandatory EPD module (A1-3) difficult. Secondly, the results for module A1-3 may be distorted in favour of an on-site construction system and proper interpretation of the assessment results, at both product and building levels, would become rather difficult.
Since the degree of prefabrication seems to be increasing (Nord 2008) , it would be worth considering the prefabrication process as part of the construction process stage (module A4-5) and subdividing the stage into two information modules (e.g. module ''A4-5: P'' for prefabrication process, module ''A4-5: O'' for on-site construction process). As a result, module A1-3 can be purely expressed by the environmental impacts related to the manufacturing processes of the building materials and the prefabrication process and the on-site construction process can be clearly distinguished. This system will give more transparency and traceability to the assessment results that would give rise to an efficient development of the process. Moreover, the environmental benefits from the prefabrication process waste, which are regarded as co-products in the current standards, can be described in module D. This would be fair especially for wood construction with a high degree of prefabrication, since most of the construction waste is generated during the prefabrication process.
Scenarios
The standards provide the rules for setting the appropriate scenarios representing the assumptions made in the assessment; however some difficulties in following the rules were encountered. For instance, the construction involves many sub-constructors and several construction works may, in general, be progressing at the same time.
Thus it is rather difficult to follow all the processes going on in detail, especially during the on-site construction work. Simplification of the assessment for the construction process stage would be required by, for instance, reducing the number of processes needed to be covered, or preparing reference data based on a sufficient number of case studies as provided for in the EeBGuide (Wittstock et al. 2012 ).
Communication of the assessment results
Proper communication of the assessment results seems to be a challenging issue. Simplification of the information would make the content more understandable. However on the other hand, it might cause the results to be misinterpreted due to lower transparency and traceability. The preferable communication style would also depend on the reader, or those using the results. Thus there seems to be no right or wrong answers to this issue. However, some points concerning the communication of the results could be discussed for further development.
Linking biogenic carbon flow with the idea of carbon neutrality in LCA is a complex issue. Therefore, it should be described clearly and fairly in the assessment results. In  Fig. 4 , however, one issue may be open to question: why does the result for module A1-3 show a negative value, whilst that of module C shows such a high positive value? It might be difficult to understand the meaning of these two values without looking at their contents. In order to develop this issue, it would be a reasonable option to separate fossil and biogenic carbon fluxes in the assessment results. In the product assessment, EN 16485 mentions that the fluxes of biogenic carbon shall be inventoried separately from fossil carbon fluxes in the inventory analysis and documented separately in the project report. It would be relevant to discuss how to take this information over to the building assessment without losing the simplicity of the results.
In Fig. 5 , the energy content of the building components are accounted for in module A1-3 and B4 as a part of the embodied energy. As described previously, EN 15804 and EN 15978 stipulate that the use of primary energy for energetic purpose (PERE/PENRE) and the use of primary energy resources used as raw materials (energy content, PERM/PENRM) should all be shown separately as resource input (consumption). However, the handling of PERM/PENRM exiting the system boundary is not clearly defined in the standards. In fact, there is a conflict between the existing EPDs, for instance IBU and Wood for Good datasets. In the IBU data, PERM/PENRM is not counted in module C, whilst in the Wood for Good data, the same value as inputted in module A1 is counted in module C as negative number. Therefore, the use of primary energy resources used as raw material is balanced within the system in the case of Wood for Good, but not in the case of IBU. Figure 5 was produced according to the same interpretation of the standards as IBU. It might actually be distorted in favour of a construction with lower energy content in its components, like concrete and steel structures. PERM/PENRM in the building materials exiting the system to be reused or recycled should thus be documented in the same way as biogenic carbon content. Figure 6 shows an example of the fluxes of the energy content discussed here. Although the benefits of energy recovery from the materials used in the building could be shown in module D, PERM/PENRM should be documented fairly within the system as well. PERM/PENRM naturally needs to be counted as energy consumption (net plus) in the system if building materials with energy content are wasted without producing any energy, according to the scenarios. First of all, a distinction between the prefabrication process and the on-site construction process was made as A4-5: P (prefabrication) and A4-5: O (on-site). A4-5: P includes the transportation of building materials from the product's factory to the prefabrication factory and all prefabrication process conducted in the factory. A4-5: O includes the transportation of building materials from the product factory to the construction site, the transportation of the prefabricated building elements from the prefabrication factory to the construction site and all on-site construction process. This sub-division apparently increases the transparency of the results and helps to determine the target for the optimization of the system.
In Fig. 7 , the fluxes of biogenic carbon content and fossil GHG emission in the system are described separately in addition to the GWP. Here the meaning of GWP can be seen clearly in relation to the biogenic and fossil carbon aspects. The input of biogenic carbon content to the system is expressed in module A1-3, and output of the content from the system is shown in module A4-5: P representing A1-3 A4-5 B1-5 B6-7 C
+10
Note System boundary Italic numbers indicate an example of the energy content incoming/outgoing to/from the systems. Net benefits or loads arising from the grey-coloured arrows shall be documented in module D.
The system studied the flow of prefabrication process waste and in module C representing the flow of deconstruction waste. These values have a zero balance within the system boundary. The value for module D increased from Fig. 5 because of the benefits arising from the prefabrication process waste (from module A4-5: P). This method would also help to optimize the system studied since the target for mitigating GWP could be recognized more easily. In Fig. 8 , the output flows of PERM/PENRM leaving the system are described in module A4-5: P and C as negative values representing the flows of prefabrication process waste and deconstruction waste. The value for module D increased for the same reason as the GWP in Fig. 7 . The fluxes of the energy content in module B4 is zero balanced. The logic is the same as biogenic carbon content, so that the energy content is balanced over the life cycle of the building. Here the meaning and flow of the energy content would be more understandable. To express the energy content leaving the system that are reused/recycled in the next system as a negative value could fairly indicate the potential of the system for the future.
Conclusion
In this study, the global warming potential and the primary energy balance of a wooden reference building were assessed over its life cycle according to the method described in the latest standards: EN 15804, EN 15978 and EN 16485. The assessment was carried out by following the standards and possible points for development in the standards were discussed. In principle, it can be concluded that the standards provide basic guidelines for the building assessment, although they still cannot lead to fully comparable results because of, for instance, freedom in the definition of system boundary, scenario and so forth.
Some difficulties were also found in conducting the assessment in compliance with the standards. Lack of data for the assessment is a critical issue. LCA is a data-intensive method, so that the preparation of a proper database (i.e. increasing the number of EPD database like IBU, unification of data format between existing databases) for building assessment is certainly required. This paper also raised questions about the life cycle modules defined by EN 15804 and EN 15978. In the current standards, the prefabrication process is classified within the product stage (module A1-3). But this system may lead to a misinterpretation of the assessment results and also lowers the transparency. This paper suggests an additional life cycle sub-module for the prefabrication process in the construction process stage (module A4-5). In addition, simplification of the assessment for the construction stage would be relevant because of the complexity of the process. Further study would be required to understand which unit process really needs to be covered in the assessment and also to set reference data based on a sufficient number of samples.
The system of communicating the assessment results could also be developed. In particular, biogenic carbon content and energy content, which are inherent properties of wood products that other common construction materials, such as concrete and steel, do not have, should be expressed carefully. Possible examples of the presentation of the assessment results were shown and discussed. Showing such a product's potential in an inappropriate way may result in the building assessment results being misinterpreted. The environmental impacts and aspects of the system studied should, of course, be displayed fairly and in common manner. Moreover, it would be of importance to develop the communication system in such a way as to stimulate environmental consciousness in society. This could be considered in the environmental assessment in general. In order to develop a relevant communication system, further discussion and case studies would be important and feedback from such practices should be incorporated into the development of the guidelines for the assessment. To set several communication systems according to the reader or user of the assessment results may be worth considering. Further study would be fruitful for the other environmental indicators defined by the standard as well, since the topics discussed in this paper could be considered and developed from several aspects.
